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1. Introduction 
 
Intrinsic high optical nonlinearity fortified by tight 

mode confinement and prospect of dense on-chip 
integration with microelectronics have made silicon 
photonics a rapidly growing field [1]. Due to the high-
index contrast between the silicon core and silica cladding, 
silicon waveguides allow strong optical confinement and 
large effective nonlinearity, which facilitates low cost 
chip-scale demonstration of all-optical nonlinear 
functional devices at relatively low pump powers. All-
optical signal processing based on nonlinear effects is 
important to overcome the physical speed limitations of 
the electronics. If silicon on insulator based waveguides 
are properly designed, the nonlinear parameter can be up 
to 7×106 W-1⋅km-1 [2], which is more than three orders of 
magnitude larger than for state-of-the-art highly nonlinear 
fibers. In the past few years it has been increased and 
renewed in nonlinear silicon photonics, mainly motivated 
by the recent technological and experimental 
advancements in development of next generation high-
speed all-optical devices.  In fact, nonlinear photonic 
phenomena and devices in silicon,  such as Raman 
amplification and lasing [3-6], optical modulation [7-8], 
parametric wavelength conversion and amplification       
[9-11], all-optical switching [12-14], pulse compression 
[15-16] and control of slow light [17-18] and so on, have 
been successfully demonstrated.  

At telecommunication wavelength, two-photon 
absorption (TPA) in silicon is an instantaneous nonlinear 
loss mechanism dominating at high optical intensities, 
which are often required to induce Kerr and Raman 
nonlinearities in aforementioned nonlinear optical devices. 

Free carrier absorption (FCA) induced by TPA will also 
introduce additional loss, so it has often been considered 
as a fundamental limitation for nonlinear silicon photonic 
devices [6,9,11,19,20] in optical communication and 
information processing systems. However, engineered 
utilization of TPA and FCA induced by TPA may provide 
new capabilities of silicon photonics in different 
applications, which have been demonstrated recently.  
Here we provide the main theoretical and experimental 
advancements in applications of TPA in silicon photonic 
devices.   

 
 
2. Theory of TPA and TPA-induced Free  
     Carriers 
 
2.1 The Principle of TPA 

 

 
 

Fig.1. Schematic illustration of TPA in silicon. (a) 
degenerate TPA.(b) non-degenerate TPA. 

 
Because of its crystal inversion symmetry, the lowest-

order nonlinearity in crystalline silicon originates from 
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third susceptibility. In the presence of a single and two 
input signals, the third-order nonlinear polarization P 
related TPA in the silicon waveguide is given [21] 
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where ε0 is the permittivity of free space and χ(3) is third 
order susceptibility tensor. The former equation describes 
Kerr effect and degenerate TPA, and the later corresponds 
to non-degenerate Kerr and TPA effects.  TPA and Kerr 
effects are related to the imaginary part and the real part of 
χ(3) that correspond to the optical intensity dependence of 
the optical absorption and the refractive index, 
respectively. Fig. 1 shows the schematic TPA process in 
silicon. When the total energy of input two photons is 
greater than the bandgap energy of silicon (Eg=Ec-Ev≈1.12 
eV), they will be absorbed and excite an electron from the 
valence band to the conduction band, resulting in 
generation of a free carrier (electron-hole pair). Depending 
on the parity difference in the initial and final sates, three 
types of two-photon transitions can occur, which are 
referred to as allowed-allowed (a-a), allowed-forbidden (a-
f) and forbidden-forbidden (f-f). The TPA coefficient 
β(ω)=[3π/(cε0λn0

2)]Im{χ(3)} is a fundamental parameter to 
evaluate TPA. Considering three types two-photon 
processes, the total TPA coefficient is given by 
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hω. In the expression of the above equation, 

[ ] 252)(
2 )12()2()!2(2/!)!12()( +−+ −++= nnn xxnnxF π , x= hω/Eg, 

for parabolic electron and hole bands. Assuming that 
phonon energies are << Eg, the f-f process is weaker than 
the two other processes, but it gets its maximum at 
hω≈5Eg/2[24]. The other two processes become stronger 
when photon energies are near Eg. In the degenerate TPA, 
two photons with the same wavelength are absorbed, and 
the power of the input light will be depleted along the 
silicon waveguide. A lot of experimental and theoretical 
works related to degenerate TPA in semiconductors have 
been carried out. It should be noted that due to the off-
diagonal elements in the third-order susceptibility tensor, 
the TPA exhibits optical polarization dependence, and the 
presence of TPA anisotropy in silicon was observed [25].  
Up to now, z-scan technique and pulse transmission 
method are used to measure or elevate the TPA coefficient 

of silicon. The measured TPA coefficients are summarized 
in Fig.2. 
 

 
 

Fig. 2. Measured TPA coefficients at different wavelengths. 
 
 

In the non-degenerate TPA process, the absorption of 
a signal is change by a second pump signal instead of by 
the signal itself, which means that a signal photon is 
absorbed as a pump photon is present and leads to cross-
absorption. From Eq. (2), the non-degenerate TPA process 
is two times stronger than the degenerate TPA process. It 
should be pointed out that the non-degenerate TPA is 
polarization dependent and the linearly polarized beams 
show stronger polarization dependence than the circularly 
polarized ones [33-36].  

 
2.2 TPA-induced FCA 
 
TPA process in silicon leads to the generation of free 

carriers, whose density depends on the incident optical 
intensity, resulting in FCA loss and free-carrier dispersion 
(FCD).  However, diffusion will reduce the carrier density 
at the center of the optical mode. The dynamics of free 
carriers induced by TPA can be described by the Drude 
model [37-38]. Since the TPA-induced free carriers in the 
silicon waveguide vary slowly along the z propagation 
direction, lateral diffusion (along x axis) will dominatedly 
impact the free-carrier density. The time dependence of 
equation for the free carrier density in the silicon 
waveguide is given in terms of free carrier generation and 
recombination [39]: 
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where hv is the photon energy, I is the optical intensity 
(time and space dependent), D’  is the effective diffusion 
constant of the free carriers, τ0 is the carrier recombination 
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time. Free carriers are accumulative inside the silicon 
waveguide. For CW signals or pulse signals whose pulse 
widths are wider than τ0, free carrier density will be 
stabilized at a local position with value of 
N(z)= τ0βI2(z)/(2hv) after τ0 period. For pulse signals 
whose pulse widths are much narrower than τ0, we must 
consider the repetition rate R of the pulse [40, 41]. When 
the pulse signals operate at low repetition rate (Rτ0<<1), 
the free carrier density is time dependent and the peak 
density depends on the pulse width, just like a single pulse, 
as shown in Fig. 3 (a). When the pulse high repetition rate 
increases, those free carriers generated by the former 
pulses may have no enough time to recombine, which will 
impact the later pulses, as shown in Fig. 3(b).  
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Fig. 3 Evolution of pulses inside the silicon waveguide. 
 
 

The carrier recombination lifetime τ0 is a critical 
parameter influencing the key performance of the 
nonlinear silicon waveguide photonic devices through 
limiting the efficiencies of nonlinear effects [6,11,20,29, 

40-41]. To overcome free carrier limitation, short pulses 
are adopted as pump to allow time for recombination 
between pulses [3, 42-43]. However, the effective carrier 
recombination time is not a constant in the silicon 
waveguides, which is in the range from 100 ns to 55 ps 
[44], depending on different kinds of silicon waveguides. 
In fact, the effective carrier recombination lifetime is 
composed of carrier relaxation time, the carrier diffusion 
time and the surface recombination time [45], so three 
possible ways can be used to reduce the effective carrier 
recombination lifetime. Up to now several methods are 
proposed to reduce free carrier density at high optical 
intensity by reducing free-carrier recombination time in 
silicon with ion implantation [44-47], scaling the 
waveguide for a shorter effective carrier recombination 
time [48-51], or applying a reverse voltage bias to sweep 
out the TPA-generated carriers [6, 52-55].  

Free carriers induced by TPA are inevitable in silicon 
at the high optical intensity, which give rise to optical 
absorption and are responsible for plasma dispersion effect. 
The absorption loss and the refractive index change 
induced by free carriers are given by [37]: 
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So the dispersion induced by free carriers is given by 
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Because the TPA in silicon is intensity-dependent, 

both FCA loss and FCD depend on the optical intensity. 
During propagation inside the waveguide, the optical 
intensity I(z,t) decreases due to linear absorption and 
scattering, TPA and FCA. The evolution of the optical 
signal intensity along the waveguide may be described as  
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where α is the linear loss coefficient. Based on the above 
analysis, when 5 ps optical pulses at 1550 nm input a 1 cm 
silicon waveguide with free carrier lifetime of 300 ps and 
effective mode area of 0.10 μm2, the evolution of FCD and 
FCA loss along the waveguide at two groups pulse values 
are shown in Fig. 4 [40]. 
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Fig.4 FCD and FCA loss evolution along the waveguide [40]. 
 
 

 
3. Applications  
 
3.1 Optical limiting 
 
TPA is one of the effective approaches for optical 

limiting. Compared with other optical limiting 
mechanisms, the distinct advantage with TPA is that the 
transmissivity can be high for relatively weak signals 
because TPA and TPA-induced FCA are small and the 
silicon devices can be almost completely transparent. 
From Eq.(7),  we can know that the output optical intensity 
is a function of the input intensity. Because both TPA and 
TPA-induced FCA is intensity-dependent, the high input 
intensity means strong TPA and TPA-induced FCA. This 
is the principle to realize optical limiting performances in 
silicon waveguides with the TPA and TPA-induced FCA 
processes. We should point out that if the input signal is a 
series of optical pulses with given pulse shape, the 
transmitted pulse shape can change because the nonlinear 
interactions such as self-phase modulation and  free-carrier 
dispersion etc. With a 1.7 cm silicon waveguide with the 
effective area of ~5 μm2, optical limiting characteristics 
are analyzed experimentally. When laser pulses of ~550 fs 
are input the waveguide, the relation between the output 
power and the launched power is given in Fig.5. 
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Fig. 5. Measured output power as a function of the input power. 

 
 

3.2 Optical pulse shaping 
 
When optical pulses are input the silicon waveguide, 

the transient behaviors of TPA and TPA-induced free 
carriers will have prominent effect on the final output 
pulses. From Fig.3(a), we can see that upon entering the 
silicon waveguide the front edge of the pulse will be 
slightly attenuated by TPA and hence the free carriers will 
start to accumulate whether the optical energy is present or 
not.  Since free carrier recombination time is much larger 
than the optical pulse widths, the generated free carriers 
accumulate and introduce time dependent attenuation 
along the pulse. As a result, the trailing edge of the pulse 
entering silicon waveguide is attenuated by TPA and free 
carriers are created by the front edge of the same pulse. 
This transient behavior of free carrier concentration will 
build up over the pulse duration every time the pulse 
propagates through the silicon waveguide and facilitate a 
self-compression and modelocking inside a laser cavity. 
To further understand the pulse shaping, the pulse 
envelope evolution in the silicon wavegudie can be 
analyzed through the following nonlinear Schrödinger 
equation [12,16]: 
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where zzItzTPA /)1ln(),( 0βα += and γ are attenuation 
coefficient by TPA and Kerr nonlinear coefficient, 
respectively. Based on the peak pulse intensity and pulse 
energy, the nonlinear response in silicon can be divided 
into TPA dominated regime and FCA dominated regime 
[16,56]. Fig.6 (a) shows the calculated results of two 
regimes for 20 ps and 500 ps optical pulses with 1 kW 
peak power. The waveguide is 1 cm long with 5 μm2 
effective area and 16 ns free carrier recombination time 

[16]. 20 ps pulses are broadened due to TPA dominance 
and 500 ps pulses are compressed to 350 ps by FCA 
dominance. The FC dispersion causes a linear phase 
change across the pulse. Fig.6 (b) illustrates the pulse 
compression for 100 ps optical pulses at different optical 
intensity with different waveguide length [16]. At low 
intensity, stronger TPA induced pulse broadening is over 
FCA induced pulse self-compression. FCA dominance can 
be achieved at higher intensities and facilitate pulse 
compression. 
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Fig. 6. (a) Output pulses and phase induced by TPA and 
free carriers. (b)  Predicted  pulse compression in silicon  
                                 waveguides [16]. 
 
The schematic of experimental setup is shown in Fig. 

7(a). The silicon waveguide has a p-i-n diode structure to 
inject carriers and hence a modulation capability. The 
output of the waveguide is connected to a 3/97 tap coupler 
where 3% used as an output and 97% is fed into the gain 
medium, a high power erbium doped fiber amplifier 
(EDFA). A resonator is formed by launching the EDFA 
output back into the silicon waveguide input end. An 
optical bandpass filter is inserted to insure lasing at a 
desired wavelength and suppress undesired ASE 
accumulation. Since the pulse shaping by free carriers 
requires time varying optical signal circulating inside the 
laser cavity, an electro-optic (EO) modulator is connected 
to the waveguide to start initial pulsation. The output pulse 
width is expected to be minimum when the frequency of 
the function generator matches the fundamental cavity 
frequency. Here, frequency locking is achieved manually 
by monitoring the pulse shape and the modulation 
frequency, simultaneously. The output of the resonator is 
connected to an optical spectrum analyzer (OSA) and a 
photodetector followed by a 25 GHz digital sampling 

oscilloscope (DSO) to measure the output pulse 
characteristics. Fig.7(b) shows that the 1.5 ns pulse can be 
compressed to 60 ps [16].  
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Fig.7 (a) Schematic of the experimental setup. (b) 
Compressed pulse for 1.5 ns input pulse[15]. 

 
  

Once the short pulses are generated, we are able to 
utilize them as pump to achieve stimulated Raman 
scattering and mode locking in the same silicon waveguide. 
Because of the wavelength selectivity of the filter and 
other optics inside the EDFA, another cavity for Raman 
Stokes pulse is needed. The original laser cavity is 
modified by using two WDM couplers, which separate the 
Stokes from the wavelength sensitive components in the 
pulse compression cavity and recombine before the silicon 
waveguide, and a tunable fiber delay line as shown in Fig. 
7(a), to facilitate resonance at the pump wavelength and 
the Stokes wavelengths. After pulses When both waves are 
aligned temporally, we observe dual wavelength lasing 
[57]. The spectra of the dual wavelength laser are shown 
in Fig. 8 [57]. The pump wavelength is selected by the 
bandpass filter inside the laser cavity at 1540 nm and the 
expected Raman Stokes signal is at wavelength of 1675 
nm. Since free carriers are created and accumulate in the 
silicon waveguide, the Raman Stokes pulse also suffers 
from free carrier attenuation. Therefore, the final outcome 
of the Raman Stokes pulses is the combination of Raman 
amplification, TPA, and FCA. 
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Fig.8. Spectra of pulse-compressed pump and Raman laser [57]. 

 
3.3 All-Optical Switching and Modulation 
 
All-optical switching and modulation facilitate 

ultrafast signal processing by overcoming the limitations 
of optical-to-electronic conversion, which are important 
components in the optical communication and signal-
processing systems. In recent years, most of the reported 
silicon based optical switching and modulation are based 
on free carrier dispersion effect introduced inside the 
silicon waveguide by either external current injection or 
optical excitation [7-8,14,58-74]. Modulation of light by 
light in silicon waveguides was demonstrated with visible 
light, which was based on free carrier dispersion induced 
by single photon absorption [68-69].  Similarly, fast all-
optical switching in silicon microring resonators was 
demonstrated with a pump laser at 800 nm [44,65-66]. To 

achieve the required phase shift or absorption in silicon 
based all-optical switches and modulators rely on TPA and 
TPA-induced free carriers, a relative strong pump light is 
need, and the switching time or the response time is 
limited by the effective free carrier recombination lifetime 
generally. To overcome this limitation, some measures 
should be used to reduce the free carrier recombination 
lifetime, such as short pulse, reverse voltage bias, ion-
implanted waveguide and so on. In addition to the 
demonstrated all-optical switches and modulators based on 
free carrier dispersion, these devices using a direct TPA 
process have also been demonstrated [13, 72-74], which 
show that the possible response speeds are not limited by 
the effective carrier recombination lifetime. Table 
1presents a summary of the demonstrated silicon-based 
all-optical switches and modulators relaying on TPA.  

 
Table 1.   Demonstrated all-optical switches and modulators in silicon waveguide. 

 
Author Waveguide structure Modulation 

depth 
Response 

time 
peak pump 

power 
Principle 

Tanabe et al 
[51, 70] 

Photonic crystal 
nanocavities 

~90% ~50 ps <150 mw TPA induced FC dispersion 

Hache et al 
[71] 

Photonic crystal - ~12ps ~500KW TPA induced FC dispersion 

Tanabe et al 
[45] 

Ion-implanted photonic 
crystal nanocavities 

~78% ~70 ps ~60 mW TPA induced FC dispersion 

Liang et 
al[13] 

Strip nanowire 
waveguide 

70% <3 ps 1.9 W TPA 

Nunes et al 
[72,73] 

Strip nanowire 
waveguide 

92% 1.9 ps ~1.5W TPA 

Almeida et al 
[8] 

M-Z interferometer ~68% ~20 ps ~133 W TPA induced FC dispersion 

Preble et al 
[54] 

Microring resonators ~84% ~122ps 800 mW TPA induced FC dispersion 

Moss et al 
[74] 

Rip waveguide >80% <15 ps 1.2 kW TPA 
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3.4 All-Optical Logic Gates 

 
 

Fig. 9. (a) Operating principle. (b) Truth table. (c) 
Experimental setup. 

All-optical logic gates are important devices for 
performing all-optically arithmetic operations in the future 
optical signal processing process systems to overcome the 
speed limitations of electronics. Up to now, all-optical 
logic gates based on TPA and TPA-induced free carrier 
dispersion effect are reported [21,75-77]. For the all-
optical logic NOR gate based on the nonlinear 
transmission characteristics of TPA in silicon, The 
operating principle and experimental schematic diagram 
are depicted in Fig.9 [75]. Signals P1 and P2 with the 
same peak power are combined together and coupled into 
the silicon waveguide. The weak CW probe light is 
modulated by P1 and P2 by means of non-generate TPA 
effect. As long as one of two pump signals is bit “1” 
(includes“01”, “10” and “11”), optical absorption on the 
probe light will be introduced. Once P1and P2 are both bit 
“0”, the probe light will transmit though the silicon 
waveguide without additional nonlinear loss. Fig.10 shows 
the experimental results [75]. The direct application of 
TPA allows high-speed operation, which is not limited by 
the free carrier lifetime in the silicon waveguide.  

 

 
 

Fig. 10. (a) Signal P1. (b) Signal P2. (c) Output CW probe with logic NOR operation [75]. 
 

 
 
 

Fig. 11. Experimental setup for all-optical logic AND and NAND operations in silicon ring resonator. 
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Silicon micro-resonating structures can enhance 
power density, slow down the pulse propagation and 
reduce the effective free carrier lifetime, so that the 
nonlinear response is larger and more compact devices can 
be realized. Recently, all-optical logic AND and NAND 
Gates at 310 Mb/s have been demonstrated based on TPA-
induced free carrier dispersion effect in silicon micro-ring 
resonates [77]. As a control pulse and a weak CW probe 
light are combined into the ring resonator though two 
different resonances, the generated free carriers due to 
TPA decrease the refractive index of the silicon. After the 
control pulse leaves the resonant wavelength and the 
transmission of the probe light relax back due to the 

recombination of the free carriers. The experimental setup 
is shown in Fig.11 [77]. As both control signals are bit “1”, 
the total power is larger than threshold to achieve large 
modulation, a positive or negative modulation is imposed 
on the probe light. When one or both of the control signals 
are bit “0”, the total optical power is less than the 
threshold, and small modulation is observed on the probe 
output. This results in the AND and NAND operations at 
different resonance wavelengths, as shown in Fig.12. It 
should be noted that the bit-rate is limited by the effective 
free carrier recombination lifetime, and some measures 
can be used to reduce the effective carrier lifetime and to 
obtain higher bit rate.  

 

 
 

Fig.12. (a) Control signal 1. (b) Control signal 2. (c) Probe light output at  as the logic AND 
operation. (d) Probe light output at  as the logic NAND operation [77]. 

 
3.5 All-Optical Wavelength Conversion 

 
 

Fig.13 (a) Pump signal at 1550 nm. (b) Converted signal 
at 1544 nm[81]. 

 

All-optical wavelength conversion is considered to be 
an essential functionality for the future all-optical 
switching architectures. Many all-optical wavelength 
conversion schemes based on nonlinear effects in the 
highly nonlinear fibers were demonstrated [78]. All-
optical conversions in silicon wavegudies are based on 
four-wave mixing have been investigated in the last 
several years [9-11,55,56, 79,80]. In the wavelength 
conversion based on cross absorption modulation via the 
non-degenerated TPA process, the modulated pump 
signals can be copied to the probe light inversely [81,82]. 
When the 1 GHz pump light at 1550 nm and the probe 
light at 1544 nm are collinearly coupled into a 1.0-cm long 
silicon waveguide, the converted signal is given in Fig.13 
[81]. Recently, 10 Gb/s pump light at 1552.52 is converted 
to the probe light at 1320 nm [82]. Based on the free 
carrier dispersion effect induced by TPA, highly integrated 
micrometer-scale low power wavelength conversion at 0.9 
Gb/s in a silicon ring resonator with average power of 4.5 
mW was also demonstrated [83]. 
 

3.6 Applications of TPA in a Silicon Photodiode 
 
TPA in silicon photodiode has been widely 

investigated as an inexpensive, ultrafast, ultrasensitive and 
flexible technique, which is exploited for applications such 
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as pulse shape measurement [84-85], optical clock 
recovery [86-88] and dispersion measurement [89-92].  
Since TPA is a fast nonresonant effect and does not 
require phase matching between input singals, it can 
provides broadband operations. Even without the use of 
lock-in detection, 1.5 × 10-3 (mW)2 peak-power times 
average power sensitivity in nonlinear autocorrelation 
measurements via direct TPA in a single photon counting 
silicon photodiode can be realized [85]. Automatic 
dispersion control for 160 Gb/s transmission can be 
achieved based on dispersion measurement with TPA in 
the silicon photodiode [90-92]. Optical clock recovery is a 
prerequisite for optical demultiplexing, optical logic and 
optical retiming etc.  The principle of clock recovery via 
TPA is depicted in Fig.14 [87]. The cross-correlation 
between data stream and an optical clock signal, measured 
using TPA in the silicon avalanche photodiode. The 
correlated signal exhibits a background level caused by 
TPA of the clock and data separately. To achieve clock 
recovery, the offset was subtracted to produce a bipolar 
cross-correlation signal, which is used as the error signal 
in a phase-locked loop to synchronize the clock and data. 
With this method, a 10 GHz optical clock is synchronized 
to an 80 Gb/s data stream over 840 km transmission fiber 
[88]. 

 

 
 

Fig. 14. Schematic diagram to measure timing difference 
between data and clock signals[87]. 

 
 

4. Conclusion    
 
Although TPA and TPA induced free carriers are 

often considered to be a fundamental limitation degrading 
the performance of the nonlinear photonic devices based 
on optical Kerr and Raman effects, they can also provide a 
novel way to realize novel functional devices.  Theoretical 
background of TPA and TPA-induced free carriers is 
presented in detail. It has been shown that many functional 
devices based on TPA and TPA-induced free carriers have 
been successfully demonstrated, and some of them show 
noticeable advantages over those with traditional methods. 
With further development of the silicon waveguide 
techniques,  these devices based on TPA and TPA-induced 
free carriers will play important roles in the future high 
speed optical communication network and optical signal 
processing systems.  
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